OBJECTIVE: To characterize and investigate the relationship between systemic blood flow and pre-and postoperative cerebral electrical activity in preterm neonates undergoing patent ductus arteriosus (PDA) ligation. STUDY DESIGN: A prospective observational study was conducted in 17 preterm neonates undergoing PDA ligation. All infants had amplitude-integrated electroencephalography (aEEG) recorded continuously from 4 h preoperatively to 24 h postoperatively. Targeted neonatal echocardiography was performed to evaluate myocardial performance and systemic blood flow at four sequential time points: preoperatively; 1, 8 and 24 h postoperatively. RESULT: PDA ligation was followed by a fall in the lower border of the aEEG trace lower left ventricular output, but recovery of diastolic flow in the middle cerebral artery. Altered lower margin was associated with gestational age and PDA diameter on univariate analysis, but not with low cardiac output. CONCLUSION: PDA ligation was associated with altered cerebral electrical activity, although these changes were not related to low cardiac output state.
INTRODUCTION
Patent ductus arteriosus (PDA) is the most common cardiovascular abnormality of prematurity occurring in about one-third of infants o30 weeks' gestation and up to 60% of infants o28 weeks. 1 Prolonged exposure to ductus arteriosus, which has failed to close after medical treatment, is associated with a four fold increase in mortality. 2 These patients are usually referred for surgical ligation. There is increasing concern regarding the impact of surgical ligation on the neurodevelopmental outcome in the preterm infant. 3, 4 This association is biologically plausible, as surgical ligation may be complicated by a post-ligation cardiac syndrome, which is characterized by acute postoperative cardiorespiratory instability. 2 Targeted neonatal echocardiography (TnECHO) provides functional assessment of hemodynamics and myocardial performance. 2, 5 Recently, PDA ligation in preterm infants has been shown to be associated with suppression of amplitude-integrated electroencephalography (aEEG) in the immediate postoperative period, although its mechanism remains unknown. 6 One of the possible causative factors is low systemic blood flow and cardiorespiratory instability often seen after PDA ligation. 7 There is also accumulating evidence of potential deleterious effects of anesthetics drugs on the immature central nervous system, which may have long-term adverse neurobehavioral consequences. 8, 9 The aim of this study was to characterize aEEG and TnECHO changes in the immediate postoperative period and investigate potential contributory factors in preterm infants undergoing PDA ligation.
METHODS
A prospective observational study of premature infants born at o32 weeks' gestation who underwent PDA ligation was conducted at the Hospital for Sick Children, Toronto, between November 2009 and August 2010. The study received ethics approval, a priori, by the institutional research ethics board, and informed consent was obtained from the parents. The objective was to investigate the relationship between cerebral electrical activity and indices of systemic blood flow and myocardial performance following PDA ligation.
Diagnosis of hemodynamically significant PDA The hemodynamically significant PDA was defined by a transductal diameter 41.5 mm with unrestrictive (o1 m s À 1 ) left to right transductal flow on pulse wave Doppler, features suggestive of significant pulmonary overcirculation and systemic hypoperfusion. 2 The ascertainment of hemodynamic significance was made on the basis of at least two features of pulmonary overcirculation (left atrium:aortic ratio 41.5; left ventricular output (LVO) 4350 mls min À 1 kg À 1 ; ratio of passive (E wave) to active (A wave) filling 41.0; and isovolumic relaxation time o35 ms) and systemic hypoperfusion (absent or reversed diastolic flow in celiac or middle cerebral artery (MCA)). PDA ligation was not performed in the first 7 days of life in any neonate because of concern of reperfusion intraventricular hemorrhage. The surgical technique has been described elsewhere. 7 
Medical treatment
The usual medical practice at referring institutions included two courses (0.2 mg kg À 1 at every 12-h intervals) of indomethacin or ibuprofen (three doses of 10 mg kg intervals). The choice of indomethacin or ibuprofen was related to availability of indomethacin or to physician preference.
Referral process
The study population included neonates referred from two inborn tertiary units and neonates from the study site, which is an outborn center. The final decision to perform PDA ligation was made by a dedicated neonatologist-led PDA ligation team. All neonates undergoing PDA ligation underwent a comprehensive echocardiography performed by a member of the team to define the size of the PDA and the magnitude of the transductal shunt according to the degree of pulmonary overcirculation and/or systemic hypoperfusion. All TnECHO evaluations were performed by two of the investigators (AJ and AEK) who have completed the training requirements of the American Society of Echocardiography. 10 Preoperative care
All neonates were admitted at least 6 h before the procedure. All patients had a hemoglobin level 4100 g l À 1 , platelet count 4100 000 mm 3 and international normalized ratio between 1 and 1.6 before surgical intervention. Neonates on high-frequency ventilation were switched to conventional ventilation at least 6 h before surgery, and enteral feeds were withheld for similar duration.
Surgical procedure
The procedure was performed in the operating room by a cardiovascular surgeon, and all neonates were anesthetized with intravenous fentanyl and rocuronium. Newborns were placed in right lateral position and a left mid-axillary incision was made. The left lung was retracted and the ductus arteriosus was mobilized. The ductus was then ligated with either sutures or metal clips, based on surgical preference. An intercostal drain was placed prophylactically. Intraoperative fluid boluses (normal saline) were administered for systemic hypotension or excessive fluid losses intraoperatively.
Postoperative care
All neonates were transferred back to the neonatal intensive care unit and commenced on a morphine or fentanyl infusion. This was subsequently tapered over 6-24 h according to an objective assessment of pain using the Premature Infant Pain Profile score. 11 The usual practice was to monitor arterial blood gas and serum lactate every 8 h for a minimum period of 24 h after surgery, depending on the postoperative course. High-frequency oscillation was used, at the discretion of the attending physician, in the setting of respiratory failure, despite augmented conventional mechanical ventilation. During the study period, systemic hypotension was defined as systolic arterial or diastolic arterial blood pressure o3rd centile for postmenstrual age. 12 If the systolic arterial pressure was o3rd centile, an infusion of dobutamine at 5-10 mg kg À 1 min À 1 was started and titrated to a maximum of 20 mg kg À 1 min
. After January 2010, the clinical algorithm was modified and included administration of milrinone if LVO was o200 ml min À 1 kg À 1 on TnECHO performed 1 h after surgical ligation. 2 
Data collection
Baseline neonatal characteristics, details of antenatal course, delivery and resuscitation and pre-ligation morbidities were recorded. Clinical and twodimensional echo characteristics of the hemodynamically significant PDA, dosage and duration of indomethacin or ibuprofen treatment were reviewed. Physiological indices of cardiorespiratory stability were extracted from the electronic patient chart pre-and postoperatively hourly for 24 h following the procedure.
Targeted neonatal echocardiography
Echocardiography evaluations were performed within 8 h before the surgical intervention and at 1, 8 and 24 h postoperatively. These time points were chosen based on previous work demonstrating early low cardiac output state in the immediate postoperative period, which coincided with the peak time of cardiorespiratory instability. 7 Pre-and postoperative evaluations of myocardial performance included measuring indices of systemic perfusion: LVO; left heart volume loading (ratio of left atrium:aortic diameter); E wave (passive atrial filling); A wave (active atrial filling); isovolumic relaxation time (IVRT); and left ventricular (LV) shortening fraction (FS). Low LVO was defined by a LVO o200 ml kg À 1 min À 1 as we have previously shown this threshold to predict postoperative cardiorespiratory instability on early (1 h) echocardiography. 2 Critically low LVO was defined as o170 ml kg
, which temporally coincides with the peak of cardiorespiratory instability. 2 LV systolic dysfunction was defined by a fractional shortening o25%. Pulse wave Doppler of blood flow pattern in the MCA was evaluated pre-and postoperatively. Normal MCA flow was defined by diastolic flow peak velocity, which is 430% of the peak systolic value. Abnormal MCA flow was defined by the presence of reduced (o30% peak systolic velocity), absent or reversed diastolic flow. The specific number of patients with reversed, absent or reduced (o30% of systolic peak velocity) diastolic flow was recorded.
Amplitude-integrated electroencephalography
Cerebral electrical activity was monitored using the Cerebral Function Monitor (CFM 6000; Natus Medical Incorporated, San Carlos, CA, USA). The aEEG hydrogel electrodes were applied by a qualified respiratory therapist to the neonatal scalp, using the two parietal positions (P3 and P4). Impedance was kept at o20 kO. Recording was initiated 4 h before surgical intervention, interrupted during the PDA ligation, recommenced in the immediate postoperative period and continued for 24 h postoperatively. The trace was displayed as a band that was characterized according to its width and level of lower and upper margin. The trace was divided into 4-h epochs for analysis. The trace was deemed continuous if lower margin was 45 mV. We assessed the background pattern (continuous, discontinuous), lower and upper margin voltages and bandwidth during the first 10 min for the following epochs: 4 h pre-and 4, 8 and 24 h postoperatively. We documented the presence or absence of sleep-wake cycles for each 4-h epoch. Trace interpretation was performed according to published criteria. 13 A continuous trace was defined by continuous activity with the lower amplitude X5 mV. A discontinuous trace was defined by a lack of trace continuity with lower amplitude o5 mV. All segments of trace affected by artifact were excluded from analysis.
Statistical analysis
Continuous variables were presented as medians (interquartile range) for skewed data, and as mean±s.d. for normally distributed data. Differences between aEEG values and two-dimensional echo over time were evaluated by analysis of variance for repeated measurements for normally distributed data, and the Kruskal-Wallis test for multiple groups for skewed data. Categorical variables were compared using the w 2 -test or Fisher's exact test where appropriate. Statistical analysis was conducted using Sigmaplot version 11.0 (Jandel Scientific, San Jose, CA). Adjustments for multiple comparisons were made using a Bonferroni test 14 
RESULTS
During the study period, 17 preterm infants with a median gestation of 25 þ 5 (23-27) weeks and a median birth weight of 680 g (500-1140 g) were enrolled (Table 1) . Thirteen infants received two courses of indomethacin, one patient received one course of indomethacin and three neonates received no medical treatment. Median age at surgical ligation was 27 (14-42) days. Figure 1 represents the flowsheet of all patients who were approached for the study. The mean doses of fentanyl and rocuronium used for anesthesia were 13.9 ± 8.8 and 1.3 ± 0.5 mg kg À 1 , respectively. The cardiorespiratory characteristics are presented in Table 2 . PDA ligation was followed by a reduction in LVO and LV FS (Table 3) . Six patients had low LVO and four had low FS by 1 h, Targeted milrinone was given to all six patients with LVO o200 ml min À 1 kg À 1 as per our unit policy. Impaired LV systolic performance (FS o25%) was observed in one patient on the 1-h postoperative scan. Eight hours following surgery, one infant had critically low LVO and another had impaired LV systolic function, but these resolved by 24 h. Two patients received late Milrinone at 8 h for LVO o200 ml min À 1 kg À 1 with systolic hypertension. Only two patients received dobutamine for low systolic blood pressure (Table 2) . Preoperatively, 11 patients had abnormal MCA Doppler, of whom 5 patients demonstrated absent diastolic flow and 6 patients presented with reduced diastolic flow. Normalization of MCA diastolic flow occurred in eight patients after surgical intervention (Table 3) .
PDA ligation was followed by a fall in the lower margin of the trace and degree of continuity (Po0.001, Table 3 ). An example of the magnitude of the attenuation of background activity is presented in Figure 2 . No infants demonstrated complete recovery of the lower margin by 24 h postoperatively; the patients had persistent discontinuity of the aEEG trace at 24 h. The proportion of patients with a discontinuous trace increased from 5/17 (29%) to 17/17 (100%, P ¼ 0.04) after PDA ligation. One patient had preinterventional evidence of sleep-wake cycling, which persisted postoperatively, reflective of advanced postmenstrual age. The median % change in lower band voltage was 26%. On univariate analysis, we identified the following associations: gestational age, postmenstrual age or PDA diameter was associated with fall in the Figure 1 . Flowsheet to present all patients approached to the studied. *Cancellation as patent ductus arteriosus (PDA) was not hemodynamically significant. 
DISCUSSION
This prospective observational study of infants undergoing PDA ligation provides important physiological information, which will improve our understanding of the putative relationship of the procedure to the electrical cerebral activity and echocardiography evaluation. The main findings were a decrease in the lower trace margin and proportion of patients with trace continuity after surgery. We found no relationship of these changes to postoperative cardiorespiratory instability or low cardiac output. There was, however, an interesting association between the fall in trace border and both gestational age and PDA diameter.
The association between PDA ligation and adverse neurosensory impairment is concerning for neonatologists. Evidence to provide a contextual scientific explanation for this association is lacking. Cerebral background activity has been shown to be useful as an early predictor of brain neurodevelopmental outcome in infants with hypoxic ischemic encephalopathy. [15] [16] [17] [18] Evidence from observational studies in premature infants has suggested a correlation between aEEG pattern and neurodevelopmental outcome. 19, 20 The purpose of this study was to monitor cerebral electrical activity as a measure of brain activity and cardiac output as a measure of myocardial performance. Lemmers et al. 6 previously showed an early (o2 h) postoperative fall in aEEG amplitude in 2 h, which recovered by 24 h. Predictive factors were not investigated in their study.
We were particularly intrigued to investigate the potential contribution of postoperative cardiorespiratory instability and low cardiac output state to abnormal cerebral electrical activity. Previously, our group has shown that PDA ligation is followed by altered LV loading condition; specifically, a reduction in left heart preload and increase in afterload. 21 Re-setting of these conditions would not be expected to lead to a reduction in LVO to levels below normal. We also demonstrated that neonates with a LVO o200 mls min À 1 kg À 1 are at increased risk of systemic hypotension and respiratory failure. 2 These data prompted a change in our approach toward early use of afterload-reducing agents, which has proven to be effective. We found, however, no relationship between low LVO and changes in aEEG activity in this cohort.
We identified comparable suppression of aEEG activity as did Lemmers et al. 6 ; however, the changes persisted for 24 h in our study. These changes could be a direct effect of the surgical procedure and may relate to the anesthesia or a combination of both. Variability in anesthesia practice has been reported, and it has been postulated that it may be a contributing factor to postoperative cardiorespiratory instability. 22 Bernet et al 23 revealed a severe global depression of background activity after fentanyl administration, whereas midazolan and morphine showed negligible effects. Global suppression of cerebral electrical activity, specifically the interburst interval and mean burst percentage, was also demonstrated after the administration of intravenous sulfentanil to 15 premature infants. These changes were more marked after the bolus injection compared with the subsequent continuous infusion. In preterm babies, the maximum interburst interval was prolonged in patients given either morphine or phenobarbitone compared with those not receiving sedation. 24 In addition, we found no association between amount of anesthesia or analgesia and the magnitude of aEEG suppression. However, there is growing evidence in the literature, especially with animal models, showing that anesthetic agents may be neurotoxic, as potential triggers of neuronal death, to the developing brain, and this effect is dose dependent. 25 Others showed that sedative and analgesic drugs could be deleterious to children, especially neonates. 26 In our study, we did not find a relationship between the dose of analgesic agent postoperatively or anesthetic drug during the PDA ligation and aEEG suppression, although we could not exclude a direct causeeffect relationship between our results and the anesthetic and analgesic drugs.
The association between PDA ligation and a poor neurodevelopmental outcome might also be a consequence of pre-or postprocedural hemodynamic instability. The association between diameter of the PDA and postoperative suppression in cerebral electrical activity was an unexpected finding. It is perhaps suggestive of the sustained impact of a high-order shunt volume on the brain. It is known that a hemodynamically significant PDA may decrease cerebral perfusion through sustained left to right shunting. 27, 28 Abnormal diastolic flow in the MCA was present in 11 patients preoperatively, which recovered in all patients. We found no association between postoperative MCA diastolic flow and abnormal aEEG, but the small sample size prohibits a meaningful evaluation of this association. The postoperative course is complicated by cardiorespiratory instability, which may also influence the likelihood of neurological injury. 7 The physiological nature of the hemodynamic compromise is thought to relate, at least in part, to a low cardiac output secondary to impaired LV performance. Theoretically, these fluctuations in systemic blood flow may compromise cerebral blood flow, independent of recovery in MCA diastolic blood flow. All patients in this study showed global suppression of aEEG activity, but these changes were independent of changes in cardiac output or need of cardiotropic medication, suggesting that these changes were not as a consequence of postoperative cardiorespiratory instability. This is entirely plausible, as arterial pressure remained stable throughout, although two patients (11%) did require late administration of intravenous dobutamine. In addition, this study population is more stable than reported studies of similar cohorts, where the incidence of need for inotropes was close to 40%, which suggests that we may be underestimating the effect. 7, 29 There are several limitations to this observational study. First, it remains unknown whether the changes are unique to the PDA ligation procedure or could represent an effect of surgery in general in premature infant. This would require prospective evaluation in a cohort of premature infants undergoing a different surgical procedure, for example, non-acute bowel repair. Second, the small sample size prohibits detailed examination of the preprocedural relationship of the PDA on cerebral electrical activity. We only recorded MCA Doppler traces in all patients 1 h after PDA ligation as recovery diastolic flow to a peak velocity 450% of the systolic velocity occurred in all patients. There may be relevant changes in MCA flow at 8 h that may be relevant but have not been captured in this study. Finally, this study does not address the relationship of impaired cerebral electrical activity to longterm neurological outcome, so the relevance of these findings remains uncertain.
In summary, neonates undergoing PDA ligation demonstrated global suppression of cerebral electrical activity after surgical intervention. These changes do not appear to relate to postligation cardiac syndrome, and from our results, we cannot exclude that the aEEG suppression was unrelated to perioperative anesthesia. The association with PDA diameter requires more detailed examination in a larger sample size. In addition, the longterm relevance of these electrical change to neurodevelopmental outcomes of this data remains unclear. 
